ABSTRACT Energy management strategies are widely used for the fuel efficiency of hybrid electric vehicle (HEV). Most of the on road hybrid cars use Atkinson cycle engine instead of Otto cycle engine, on account of better efficiency. The authors have already proposed a control oriented extended mean value engine model (EMVEM) of the Atkinson cycle engine and also developed and evaluated its control framework. The prior research was limited to evaluate the fuel efficiency of the engine only, while HEV employs both the engine and the motor. The presented work is an attempt to devise and demonstrate energy management strategy (EMS) by giving full consideration to the powertrain using Atkinson cycle engine. A novel energy management strategy based on the vehicle speed for Atkinson cycle engine for HEV is proposed. A parallel hybrid electric vehicle is modeled in Matlab/Simulink through a forward facing simulator. The proposed EMS with Atkinson cycle engine control framework exhibits the significant improvement in the fuel economy around 12.30% for standard Manhattan driving cycle and 7.22% for the modified federal urban driving schedule (FUDS) driving cycle in comparison with the Otto cycle engine.
I. INTRODUCTION A. MOTIVATION
Environmental challenges and reduction of global crude oil reserves gained the attention of researchers and automobile manufacturers for exploration of novel vehicle technologies. Hybrid Electric Vehicles (HEVs) established a thought for minimizing the fuel consumption and greenhouse gases (GHG) emissions. Transportation sector consumes about 66% of total oil consumption in the world and 50% of that is utilized by small passenger cars and trucks [1] . In this unique circumstance, automakers must lessen the oil consumption and GHG emissions by presenting advanced fuel-effective innovations and furthermore by utilizing alternative fuels. Fuel economy improvement and reduction in emissions are achieved through engine startstop operation, brake energy recuperation [2] and advanced technology engine such as Atkinson cycle engine [3] . In this manner, incorporating fuel-efficient Atkinson cycle engine in HEVs can enhance the vehicle efficiency and lessen the GHG outflows. This paper investigates the execution of a parallel HEV with a fuel-efficient innovation (e.g.Atkinson cycle engine). Another vital factor for improving the efficiency of HEV powertrains is the designing of energy management control (EMC) methods to enhance fuel economy benefits.
B. LITERATURE SURVEY
The control of power flows between ICE and the electric motor is referred as the energy management strategy. The drivetrain topology includes the power flow routes and the transmission ratios between the two power sources (Engine and Motor) and the wheels of the vehicle shown in Fig. 1 . The energy management strategies for HEVs are categorized keeping in view multiple criteria. On the basis of the amount of information and the optimization method, the following three groups can be found in the literature. Global optimization strategies, local optimization strategies, and heuristic methods. Global optimization methods seek the optimal result, that is the optimal power split sequence. This optimal power split sequence is guaranteed by executing a global minimization over the complete driving cycle, supposed to be decided in advance. The Dynamic programming (DP) technique ensured the globally optimal solution and had been discussed in several publications [4] - [8] . This technique is not practicable online, on account of a priori information about the driving pattern and high computational demands. Local optimization strategies do not require the information of future driving pattern, rather depending upon onboard data. The solution is provided through a sequence of local (instantaneous) minima, estimated at every instant. Equivalent consumption minimization strategy (ECMS) is one of these methods [9] - [11] . This strategy is relying on the transformation of battery power into fuel consumption (equivalent). Unlike the global optimization methods, these methods are implementable online. Heuristic methods do not accomplish any minimization, instead, the control action is discovered at every instant utilizing empirical rules [12] - [14] . The main useful aspect of heuristic methods lies with the reduction of computational time and with the disadvantage of a non-optimal solution.
Earlier HEV research is categorized into three groups as per the Internal Combustion Engine (ICE) type. In the first category, Compression Ignition (CI) engines have been utilized as a part of various HEV models [5] , [15] - [19] . The CI engines have been utilized as a part of sport utility vehicles (SUVs), trucks, and buses. In the second category, Spark Ignition (SI) engines have been integrated as a primary source of energy of HEV [20] - [22] . In the third category, Low Temperature Combustion (LTC) engines have been utilized as the main energy source of HEV [23] - [27] . Recently, the SI engines with Atkinson cycle have turned out to be more well known in the auto market (e.g., Toyota Prius, Lexus RX 450h, Honda Accord PHEV, and Ford C-Max).
Few studies are found in the literature that explored incorporating Atkinson cycle engine with HEVs. In [28] , an Atkinson cycle engine was utilized by Toyota R&D group to build the mileage advantage of HEVs. In another investigation [29] , a Honda Accord Plug-in Hybrid Electric Vehicle (PHEV) was upgraded in light of the Atkinson cycle engine and around 10% better fuel economy was accounted compared to the SI engine.
An Atkinson cycle engine is attained with Variable Valve Timing (VVT) by using the similar crankshaft scheme as for the Otto cycle engine owing to the recent technological developments, which eliminates the requirement of conventional throttle at some engine operating range [30] . With optimal engine intake and exhaust valves timing, the primary characteristic of Atkinson cycle engine, the longer expansion ratio than compression ratio can be realized.
The potential benefits, in relation to fuel economy enhancement and decline in exhaust emissions of the VVT incorporated Atkinson cycle engine over the usual Otto cycle engine, come from the reality that the typical spark ignition engines are designed to achieve optimal efficiency by taking into account the full load. While, the automotive engines operate at part loads most of the times and the load is controlled with the conventional throttle that results in more engine part load losses. Correspondingly, the thermal efficiency of the conventional SI gasoline degrades considerably at engine light loads, on account of fixed compression ratios varying from 8 to 12 as well as limitations of fuel quality and engine knocking. Moreover, the authors [30] , [31] have derived and explored the thermal efficiencies of several engine cycles and have figured out that the optimum thermal efficiency contributing thermodynamic cycle is the overexpanded cycle (Atkinson cycle).
So, to cater for the SI engine performance degrading behavior, hybrid electric vehicles are using the over-expanded Atkinson cycle engine appreciated through VVT and incorporated with Variable Compression Ratio (VCR) mechanism [31] . About 50% fuel consumption is reduced by HEVs through the Atkinson cycle engine as one of its propulsion system.
In this connection, the availability of simple and accurate physically motivated control-oriented engine model incorporated with advanced technologies and the engine robust controllers have been the key contributors in the accomplishment of the SI engine performance [32] . In this perspective, the authors contribution towards a control-oriented EMVEM model of the Atkinson cycle engine with variable intake valve actuation [33] exist in literature. Besides, the authors [3] developed and evaluated a control framework for the Atkinson cycle engine based on its EMVE model in fuel economy perspective for the driving cycles like NEDC, FUDS and FHDS. This study introduced on the average about 7% fuel saving over Otto cycle engine. The research [34] has figured out that there is around 6% decrease in fuel consumption with VCR Over-expanded engine cycle, using Cylinder by Cylinder Engine Model (CCEM) model in comparison with the Otto cycle engine during the typical new European driving cycle (NEDC). About 19% reduction in specific fuel consumption (SFC) of the VVT along with VCR mechanism built-in Atkinson cycle engine with regards to the usual Otto cycle spark ignition engine [31] , [35] .
C. CONTRIBUTION
Most of the prior research has been conducted to examine either the benefits of Atkinson cycle engine incorporated with advanced mechanisms alone or on the optimization of fuel economy of HEV using conventional Otto cycle SI engine as one of its propulsion system. The fuel economy investigation of the parallel HEV using Atkinson cycle engine in comparison with conventional Otto cycle is not present in VOLUME 6, 2018 the literature so far, to the best of authors knowledge. The main challenge for the designing of Hybrid Electric Vehicles is the coordination of onboard energy sources and optimal power flow control for both the electrical and the mechanical paths. This requires the utilization of an appropriate control strategy or energy management strategy. The proposed energy management strategy utilizes the Boolean rules and threshold values for the charge-sustainability and the implementation of torque distribution between the energy sources. The torque distribution between the energy sources is decided by selecting the threshold of speed of the vehicle. At the starting of the vehicle, the whole torque demand is provided by the electric motor and when the speed crosses over the selected threshold, the whole torque demand is accomplished by the engine. The kinetic energy recuperated is utilized to run the motor, contributing towards fuel economy and furthermore, the engine running at part loads improves the fuel efficiency of the vehicle. The paper provides a comprehensive framework to understand the benefits of Atkinson cycle engine based electrified powertrains and presents an EMS, that takes into account the efficient use of Atkinson cycle engine and delivers better fuel economy as compared to Otto cycle engine based HEV.
The significant contribution of this research is two-fold. First, it explores the fuel economy of an Atkinson cycle engine based parallel HEV drivetrain at part load operating conditions. Secondly, it finds out the effect of proposed EMS on the fuel economy for parallel HEV using an Atkinson cycle engine.
D. STRUCTURE OF THE PAPER
This research paper is structured as follows. In Sec II, Parallel Hybrid Power-train modeling of the vehicle is presented. Problem formulation is given in Sec III. Vehicle Modeling has been described in Sec IV. Development of proposed energy management strategy along with supervisory control is discussed in Sec V. Simulation results along with the discussion of results are narrated in Sec VI. The conclusion with future work is discussed finally in Sec VII.
II. PARALLEL HYBRID POWER-TRAIN MODELING OF VEHICLE
A parallel hybrid electric vehicle is modeled with physical specifications as shown in Table 1 . This is small and light weighted vehicle, allowing maneuverability on narrow roads. Allowable maximum speed is 50 Km/h, having the capacity of two passengers and their luggage. A 12-volt lead acid battery is employed for ignition and lighting power. Characteristics of VVT engine along with gear specifications are described in Table 2 .
Depending on the power-train architecture (the way of arrangement of various power-train components), two main categories of Hybrid Electric Vehicles are present: parallel and series configuration. In the parallel HEV, mechanical summation exists between the ICE and motor needed for the driving of wheels. Two power sources torques are combined before the manual transmission. In the series configuration, usually two electric motors are present: one acts as a motor, and the other operates as a generator. The driving power to the wheels is received from the motor, which in turns receives the power from the generator connected to the engine or from the battery bank. Thus, there is an electrical summation of engine and battery power. The parallel configuration of Hybrid Electric Vehicle is selected for simulation purposes (shown in Fig. 1 ). Because it is a small vehicle, series architecture cannot be implemented due to less space availability.
For a driving cycle, the selection is made of Manhattan and modified FUDS drive cycles with the vehicle velocity V veh . The power request P total is found as in Equation (1) [5], [36] , [37] (neglecting the grade force) [38] .
In the above relations, ρ a indicates the Air density, A f represents the Frontal area of the vehicle, C d is the coefficient of Drag, V veh indicates the velocity of the vehicle, M represents the total mass of the vehicle, g is the Gravitational acceleration, C r is the coefficient of Rolling resistance, a represents the acceleration, R w is the radius of the wheel, ω veh represents speed of the vehicle in radians per second, T total is the total torque and P total represents the total power.
A. SIMULATION MODEL OF PARALLEL HEV
Simulation Model for the parallel HEV is presented in Fig.2 . This model comprised of the drive cycle input to the driver control module, the energy management strategy module and the plant module (vehicle module). First, the reference vehicle speed (desired) V d for time t is given to the driver module. On the basis of this speed V d , the acceleration and brake signals are calculated in the driver model through PID controller. These signals are given to the HEV controller, in which the selection of Electric machine and Engine mode is accomplished on the basis of speed and torque demand.
In the Atkinson cycle engine model, late Intake Valve closing Timing (IVT) load control scheme is employed, whereas conventional throttle is kept wide open. However, in the parallel HEV model, the Atkinson engine block calculates the torque produced by the engine and this torque is forwarded according to HEV controller scheme.
III. PROBLEM FORMULATION
The purpose of the Energy management problem is to attain the minimum fuel consumption, while keeping in view the design limitations of every component and drivability/performance constraints. The optimization objective taken for this research activity is the fuel consumption during a journey and mathematically is represented as follows
where J (x) represents the cost function,ṁ is the rate of Fuel mass, x(k) is the state of the system, while t 0 and t f represents the initial and final time of driving cycle. The constraints considered are as; 1. Charge-sustainability: For the charge-sustaining mode of the accumulator, the following integral constraint will lead as follows
The equation (3) shows that battery energy E batt (t) from the initial time t 0 to final time t f remains zero by integrating the battery power P batt (t), that indicates zero utilization of the battery power. The fuel consumption can only be calculated, when the charge sustaining criteria is fulfilled, otherwise, one should have to take care of the charge used.
The SOC dynamics is therefore given as followṡ
where R int is the internal resistance of the battery, V oc indicates the voltage at the terminals of open circuit, Q max represents the maximum battery charge and P batt indicates the battery power. 2. Driver's demand: The driver's demand should be satisfied, the total output torque of power-train must be same as of driver's demand;
3. Physical limits of actuators: the output of the components in the power-train should be limited to their operational range and are given as follows,
where ω ice min and ω ice max represents the minimum and the maximum speed of the engine, T ice is the torque of ICE, T em indicates the torque of the electric motor, P ice represents the power of ICE, P em indicates the power of the electric motor, ω em min and ω em max represents the minimum and maximum speed of the motor. The SOC min and SOC max are taken as 0.4 and 0.8 indicating the minimum and the maximum state of charge of the battery respectively.
IV. VEHICLE MODEL
For the proposed EMS procedure, a simple but the functional mathematical model (Quasi-static model) is preferred rather a complex nonlinear model. These models are extensively used to design and evaluate the energy management strategies (EMS) of HEVs. Obviously, the transient behavior cannot be exhibited by such models [39] , but if, we are focusing our attention on the fuel economy evaluation, they are still reasonably serving for the comparison of the global performance of different energy management strategies. For comparison of fuel efficiency, two different ICEs are studied. These ICEs include SI engine and Atkinson cycle engine. As, focus of the research is on exploring the behavior of Atkinson cycle engine, so modeling of Atkinson cycle engine is described here. In this work, an Atkinson engine model is a dynamic model, while the electric machine and battery model are quasi-static models. In the following section, modeling of the major HEV components is presented.
A. ATKINSON CYCLE ENGINE MODEL DESCRIPTION
The precision of the spark ignition engine model with variable innovative technology as well as model-based robust control strategies play a vital role in the improvement of the engine performance [40] - [43] . In this perspective, the authors [33] have developed a physically provoked control-oriented EMVEM Atkinson cycle engine model, in which the modern technologies as flexible valve timing, over-expansion, VCR and Atkinson cycle's realization have been incorporated, and is described in the ensuing subsection.
1) CONTROL-ORIENTED ATKINSON CYCLE ENGINE EMVEM MODEL
A physically motivated Atkinson cycle engine's controloriented EMVEM dynamics consisting of the modeling processes like air dynamics which includes intake manifold pressure dynamics with Variable Valve Actuation (VVA) incorporated for the realization of the Atkinson cycle, throttle body, air mass suction system, the rotational dynamics with an alternate Late Intake Valve Closing (LIVC) control strategy [33] , [44] and then the fuel dynamics [45] , based on
• Fluid Dynamics and Thermodynamics Principles • Atkinson cycle for the in-cylinder dynamics analysis • Inertial laws is given aṡ
where,
A theoretical Atkinson cycle engine torque termed as indicated torque, generated as a process of air to fuel mixture burning is described as
where, η c is the combustion efficiency with 0.75 < σ < 1.2 [46] and η cmax is the maximum η c typically considered as 90 to 95 % for a SI engines [40] , [42] . The Pumping torque essential to carry out pumping action and engine frictional torque mathematically is given as [40] Furthermore, to explore the fuel economy of an Atkinson cycle engine, the stable fuel dynamics subsystem utilized [45] in this framework is expressed as:
where,ṁ
whereas,ṁ ff is the fuel film mass flow, τ f is the fuel evaporation time constant and X f is the fraction of the injected fuel deposited on the intake manifold or close to the intake valve as a liquid. The input to the fuel dynamics model is the injected fuel flow m fi , whereas output m fo is the engine intake valve fuel mass flow. The description and values of the parameters are as illustrated in Table 3 .
2) INTAKE VALVE TIMING PARAMETER (λ)
To incorporate VVA phenomenon in the conventional SI engine for the Atkinson cycle realization, a novel intake valve timing (IVT) parameter λ is introduced [33] . It has prodigious importance to summarize the physical dynamics of the Atkinson cycle engine, besides the accomplishment of the advantages of the overexpansion and VCR characteristics. Mathematically, it can be expressed as
where V c is the clearance volume and the combustion cylinder's displaced volume in accordance with the intake valve closing time (IVC) is specified by V ivc = V 1 is depicted in Fig. 3 and is described in the following. [33] , [42] .
and the engine displaced volume V d is described as
The EMVEM model parameters, their comprehensive description and values are as depicted in Table 3 .
The fuel consumption is calculated using the relations as follows.
where P ice represents the engine power, T ice indicates the engine torque, ω ice represents the engine speed,ṁ represents mass fuel rate, BSFC expresses the Brake Specific Fuel Consumption, P fuel is the fuel power, η represents engine efficiency and H exhibits the fuel heating value.
B. ELECTRIC MACHINE
The efficiency of an electric machine is modeled as a quasistatic map of its power and operating speed. It is assumed that the efficiency η is constant for bi-directional operation of an electric machine. Therefore, the power flowing in and out of the electric machine in motoring and generating modes is represented as follows. where P m (k) represents the motor power; P elec (k) is the battery electric power; and η represents the motor efficiency. Permanent Magnet motor of 07 kW rating is used as a secondary power source as indicated in Table 4 . The motor is capable of providing the total torque demanded, so the vehicle can be run in pure electric mode also. 
C. BATTERY
The battery pack comprises of multiple modules with a combination of parallel and in series which as a whole taken as a voltage source with a series resistance. The total battery power is the total power delivered to or from the electric machine. The internal power of the battery P s (t) and the terminal voltage power P ess (t) with current I (t) flowing to and from the battery are given in the equation (14) .
Due to the dependence of an electric system on the battery, the energy storage capacity of the battery should be excessive than that required to meet the driving cycle. How the state of charge SOC(k) is modified for the next state of charge is given in the following equation (15) .
Where SOC(k + 1) is the next state of charge of a battery, R int (internal resistance) and V oc (open circuit voltage) are the functions of the battery SOC, Q b represents the maximum battery charge. The overall performance of HEV depends on the role of the battery. The battery model is shown in Fig. 4 . The battery used is Li-ion type of 4.8 KWh rating indicated in Table 4 . 
V. PROPOSED ENERGY MANAGEMENT STRATEGY
The power-train controller consists of a supervisory controller (decision of the appropriate operating mode) and the energy management controller (which decides the torque sharing among the energy sources), while satisfying the overall demand of driver. The thresholds and rules for each of these two controller levels are narrated in the following subsections.
A. SUPERVISORY CONTROL
As far as the supervisory control is concerned, the following rules are implemented. 1. At low speed, positive torque: the power-train works in pure electric vehicle (EV) mode, keeping engine in off state. This is presented by region A as shown in Fig.5 .
2. At high speed, positive torque: the power-train works in thermal (engine) mode. This is presented by region B as shown in Fig.5 .
3. While operation with a negative torque, the supervisory controller shut off the engine for fuel saving. Since the vehicle is in decelerating mode, the power-train works in regenerative mode. This is presented by region C as shown in Fig.5 . For all above operating modes, the supervisory control rules implemented are summarized in Table 5 ; 
B. ENERGY MANAGEMENT
After the decision of mode selection by the supervisory controller, the torque sharing among the ICE and the electric machine is decided as follows in the Fig. 6 . Three modes of operation of the vehicle have been discussed, namely Pure Electric mode, Engine mode, and Regenerative mode. 
1) PURE ELECTRIC MODE
When SOC ≤ SOC max , the vehicle system is in electric vehicle mode only, in this mode battery does not need charging and speed of the vehicle is less than the threshold selected W sel , while the torque demand is provided by the motor only.
2) ENGINE MODE
When SOC ≤ SOC max , the vehicle system is in engine mode only, in this mode battery does not need charging and speed of the vehicle is more than the threshold selected W sel , while the torque demand is met by the engine only.
3) REGENERATIVE MODE
When SOC ≤ SOC min , the vehicle system is in regenerative mode only, in this mode battery need charging and it is charged either through recuperation of kinetic energy or through engine mode. These three modes are well depicted in Fig.5 . The threshold of speed selected W sel is the boundary line between regions A and B.
VI. SIMULATION RESULTS AND DISCUSSION
This section narrates the simulation results for implementing the proposed EMS with VCR Atkinson cycle engine control framework over the conventional Otto cycle engine at variable load conditions during the standard Manhattan and modified FUDS driving cycles.
To optimize fuel economy, the initial and final constraints chosen for SOC is 0.55, which is met in the SOC profile of Otto and Atkinson cycle for Manhattan drive cycle shown in Fig 7. The proposed EMS regulates the engine ON/OFF status according to the SOC values. To evaluate the substantial benefits of the proposed strategy, the Atkinson cycle engine along with variable LIVC load handling strategy instead of the conventional throttle is utilized. The control strategy proposed for the assessment of fuel economy is explained for Manhattan drive cycle, while the same approach is also adapted for modified FUDS drive cycle. For the simulation purposes, Manhattan and modified FUDS drive cycles are considered due to their frequent stop/start driving pattern, which in turns represents the driving pattern of congested cities. The motor drive is facilitated by kinetic energy recuperation related to the frequent stop/start behavior experienced within these drive cycles. The supervisory control (which decides the mode selection) is well replicated in the Fig. 5 , showing each mode of operation. The comparison of torque provided by Atkinson cycle engine and the electric motor is exhibited through Fig. 8 . For the proposed EMS, engine is turned off during the regenerative mode and motor behaves like a generator, providing kinetic energy for charging purposes. The mode choice of proposed energy management strategy is depicted by Fig. 9 , showing Electric launch, Engine only and Regenerative modes. The vehicle always starts in Electric mode and when the speed crosses over the selected threshold, it goes in the Engine mode and while decelerating, receives the kinetic energy. The kinetic energy recuperated is used to charge the battery, thus saving fuel energy. Fig. 10 depicts the tracking velocity profile of the proposed strategy for Manhattan drive cycle. The result also shows that the HEV components' sizing fulfills the performance requirements during the driving cycle. The pre-transmission parallel HEV is modeled in the Matlab/Simulink environment by using the forward simulator for the comparison of the performance of proposed EMS. The flexible LIVC load control strategy has been employed in the EMVEM modeling approach of Atkinson cycle engine instead of the conventional throttle. the standard Manhattan and modified FUDS drive cycles, is depicted in Fig. 11 . The standard FUDS drive cycle is modified due to its high-speed profile. The improvement in fuel consumption is achieved about 12.30% for the variable loading conditions during the Manhattan drive cycle, whereas about 7.22% during the modified FUDS driving cycles for the proposed EMS. Simulation results of the fuel economy for a parallel hybrid electric vehicle for the proposed EMS is shown in Table 6 . The torque load is dependent on the speed and the mass of the vehicle of the vehicle as shown in equation (1) . As the mass of the vehicle is constant, so by lowering the threshold of speed, the torque load on the engine can be reduced, resulting in more fuel economy. The improvement in fuel consumption during the Manhattan drive cycle is more than that of modified FUDS driving cycle as Manhattan drive cycle is inclined more towards the engine part loads as compared to modified FUDS driving cycle. Even though the proposed EMS shows very promising results, there is room for further improvement in the fuel economy and the performance of a parallel HEV. Further improvement can be achieved through some optimal control strategy, but the algorithm of proposed EMS in this research is computationally efficient due to the simple rules based on the Heuristic methods.
VII. CONCLUSIONS AND FUTURE DIRECTIONS
In this research, a novel energy management strategy (EMS) has been proposed for an Atkinson engine based parallel hybrid electric vehicle and evaluated through a forward facing simulation for standard Manhattan and modified FUDS drive cycles. The simulation results depict that the proposed EMS provide substantial improvements to a parallel HEV in terms of fuel economy exhibited for the standard Manhattan and modified FUDS driving cycle for variable loading condition along with the benefits of Atkinson cycle engine. On the average around 12.30% and 7.22% improvement in fuel consumption is achieved with proposed control strategy along with Atkinson cycle engine over the Otto cycle engine during the standard Manhattan and modified FUDS driving cycles. The Atkinson cycle engine is proved significantly efficient than conventional SI engine, especially for the engine part load operating range.
We plan to evaluate the developed control framework at the vehicle level with a different topology of drive-train, such as series Hybrid Electric vehicle.
